Albertson AJ, Williams SB, Hablitz JJ. Regulation of epileptiform discharges in rat neocortex by HCN channels. J Neurophysiol 110: 1733-1743 , 2013 . First published July 17, 2013 doi:10.1152/jn.00955.2012.-Hyperpolarization-activated, cyclic nucleotide-gated, nonspecific cation (HCN) channels have a well-characterized role in regulation of cellular excitability and network activity. The role of these channels in control of epileptiform discharges is less thoroughly understood. This is especially pertinent given the altered HCN channel expression in epilepsy. We hypothesized that inhibition of HCN channels would enhance bicuculline-induced epileptiform discharges. Whole cell recordings were obtained from layer (L)2/3 and L5 pyramidal neurons and L1 and L5 GABAergic interneurons. In the presence of bicuculline (10 M), HCN channel inhibition with ZD 7288 (20 M) significantly increased the magnitude (defined as area) of evoked epileptiform events in both L2/3 and L5 neurons. We recorded activity associated with epileptiform discharges in L1 and L5 interneurons to test the hypothesis that HCN channels regulate excitatory synaptic inputs differently in interneurons versus pyramidal neurons. HCN channel inhibition increased the magnitude of epileptiform events in both L1 and L5 interneurons. The increased magnitude of epileptiform events in both pyramidal cells and interneurons was due to an increase in network activity, since holding cells at depolarized potentials under voltage-clamp conditions to minimize HCN channel opening did not prevent enhancement in the presence of ZD 7288. In neurons recorded with ZD 7288-containing pipettes, bath application of the noninactivating inward cationic current (I h ) antagonist still produced increases in epileptiform responses. These results show that epileptiform discharges in disinhibited rat neocortex are modulated by HCN channels.
HCN channels; inhibitory interneurons; epileptiform discharges; epilepsy; I h ; neocortex IN THE NEOCORTEX, hyperpolarization-activated, cyclic nucleotide-gated, nonspecific cation (HCN) channels are highly expressed in the apical dendrites of layer (L)5 pyramidal neurons (Lorincz et al. 2002; Notomi and Shigemoto 2004) . A noninactivating inward cationic current, termed I h , is seen in pyramidal cells upon activation of these channels (Williams and Stuart 2000) . HCN channels are encoded by four genes (HCN1-4), each producing channels with unique activation and expression characteristics (Notomi and Shigemoto 2004; Santoro and Tibbs 1999; Wainger et al. 2001) . These channels have functional roles in motor learning (Nolan et al. 2003 ) and synaptic plasticity (Nolan et al. 2004) . When active at resting membrane potentials, I h depolarizes neurons, increases membrane conductance, and reduces dendritic excitability (Berger et al. 2001; Magee 1998; Robinson and Siegelbaum 2003) . HCN channels also act in a well-characterized fashion to filter distal synaptic inputs. I h normalizes the decay time of distally evoked excitatory postsynaptic potentials (EPSPs) (Williams and Stuart 2000) , decreases temporal summation (Berger et al. 2001) , and inhibits the peak voltage reached by some evoked EPSPs via interaction with M-type K ϩ channels (George et al. 2009 ).
Given the inhibitory action of I h on dendritic excitability, EPSPs, and temporal summation, considerable attention has been given to the role of HCN channels in epilepsy. Reductions in I h or HCN channels have been reported in pilocarpine (Jung et al. 2007 ), kainate (Shin et al. 2008) , and kindling (Powell et al. 2008 ) models of epilepsy. Spontaneously epileptic WAG/ Rij rats (Strauss et al. 2004 ) and rats with cortical malformations (Albertson et al. 2011 ) also exhibit changes in I h . Reduced seizure thresholds are seen in HCN1-knockout mice (Huang et al. 2009 ). Animals with spontaneous mutations in the HCN2 gene (Chung et al. 2009 ) and HCN2-knockout mice (Ludwig et al. 2003 ) exhibit absence epilepsy. Furthermore, reductions in I h have been described in human epileptogenic cortex (Wierschke et al. 2010) .
Considering the well-established role of I h in regulating neuronal excitability and synaptic integration, as well as the correlation between loss of I h and epilepsy, investigations of I h regulation of network activity have been limited. HCN currents enhance subthreshold oscillations in entorhinal cortex, potently facilitating the generation of rhythmic and synchronous hippocampal activity (Dickson et al. 2000) . I h inhibition disrupts theta frequency oscillations in hippocampal interneurons (Griguoli et al. 2010 ) and CA1 pyramidal neurons (Marcelin et al. 2009 ). Also, the strength and frequency of intrathalamic network oscillations are altered by changes in I h (Yue and Huguenard 2001) . Interictal burst frequency and regularity in mouse neonatal hippocampus are reduced by I h blockers (Agmon and Wells 2003) . The influence of I h on individual epileptiform discharges has not been extensively probed in neocortex.
GABAergic interneurons are important cortical network elements (Markram et al. 2004) . Various interneuron subtypes differentially target selected portions of the pyramidal cell soma and dendrites. This produces inhibition that modulates network activity in diverse ways, including regulating the firing probability of target cells (Miles et al. 1996) , synchronizing neuronal activity (Cobb et al. 1995) , and tuning synaptic integration (Pouille and Scanziani 2001) . Fast-spiking (FS) interneurons can drive electrically induced seizurelike oscillations in the hippocampus (Fujiwara-Tsukamoto et al. 2010) . Although immunoreactivity for HCN channels is not prominent in many neocortical GABAergic interneurons (Lorincz et al. 2002) , it has been observed in hippocampal interneurons (Lorincz et al. 2002) along with HCN mRNA (Brewster et al. 2007) . Electrophysiological studies have shown that different classes of neocortical interneurons respond differently to hyperpolarizing current pulses. Martinotti cells display a "sag" back toward baseline during a hyperpolarizing current pulse and a "rebound" overshoot upon repolarization (Lupica et al. 2001; Ma et al. 2006) , responses typically mediated by HCN channels. Sag currents have not been widely investigated in neocortical neurogliaform cells but do not appear to be prominent (Kawaguchi 1995; Olah et al. 2009 ), whereas fastspiking, parvalbumin-expressing (FS-PV) cells have small or absent sag responses (Okaty et al. 2009 ). These observations suggest that I h alterations in interneurons could modulate epileptiform discharges. The inputs received by interneurons during epileptiform discharges are poorly understood. In the low-Mg 2ϩ epilepsy model, robust excitation of GABAergic interneurons occurs in synchrony with epileptiform discharges in pyramidal cells, although the exact firing pattern varies across interneuron subtypes (Kawaguchi 2001). CA3 interneurons are strongly activated by epileptiform discharges resulting in marked perisomatic inhibition in pyramidal cells (Marchionni and Maccaferri 2009) .
Identifying how network activity is generated requires information on action potential (AP) firing in different classes of neurons and their synchrony. The bicuculline disinhibition model has been extensively used to identify ionic and synaptic mechanisms underlying epileptiform discharges both in vivo (Matsumoto et al. 1969 ) and in vitro (Gutnick et al. 1982) . In this model, epileptiform events are mediated by both NMDA and non-NMDA receptors (Lee and Hablitz 1991) and may be initiated by a population of intrinsically bursting neurons located in L4 and upper L5 (Chagnac-Amitai and Connors 1989; Connors 1984 ). The bicuculline model also provides an opportunity to identify excitatory inputs and firing patterns of GABAergic interneurons during epileptiform discharges. In the present study, we examined the influence of HCN channel inhibition on bicuculline-induced epileptiform discharges recorded in neocortical pyramidal cells and GABAergic interneurons. We found that I h inhibition enhanced the magnitude of evoked epileptiform events and increased the number of superimposed APs in L5 pyramidal neurons after L2/3 stimulation. Inhibitory interneurons exhibited similar increases in epileptiform event magnitude. We also found that the effect of HCN channel inhibition of epileptiform discharges was due to increased network activation.
METHODS
All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals according to protocols approved by the University of Alabama at Birmingham Institutional Animal Care and Use Committee.
Slice preparation. Neocortical slices were prepared from rats at 20 -26 days of age. Rats were anesthetized with isoflurane and decapitated. The brain was removed and immediately placed in ice-cold oxygenated (95% O 2 -5% CO 2 , pH 7.4) cutting solution consisting of (in mM) 135 N-methyl-D-glucamine, 1.5 KCl, 1.5 KH 2 PO 4 , 23 choline HCO 3 , 0.4 ascorbic acid, 0.5 CaCl 2 , 3.5 MgCl 2 , and 25 D-glucose (Tanaka et al. 2008) . Coronal brain slices (300 m thick) of somatosensory cortex were made with a Microm HM 650 vibratome (Microm, Walldorf, Germany). Slices were stored in saline containing (in mM) 124 NaCl, 2.5 KCl, 10 D-glucose, 26 NaHCO 3 , 2.0 CaCl 2 , and 2.0 MgCl 2 at 37°C for 40 -60 min and then kept at room temperature until used for recording. Individual slices were transferred to a submerged recording chamber mounted on the stage of a Zeiss AxioExaminer D1 (Carl Zeiss Thornwood, NY) microscope, equipped with Dodt contrast optics, a ϫ40 water-immersion lens, and infrared illumination to view neurons in the slices. The recording chamber was continuously perfused with oxygenated saline (3 ml/min at 32°C). Pyramidal cells (L2/3 and L5) and interneurons (L1 and L5) were identified by their distance from the pial surface, morphology, and spiking properties.
Whole cell recording. Whole cell current-clamp recordings were obtained with an Axopatch 200B (Molecular Devices, Sunnyvale, CA) or an npi ELC-03XS (npi Electronic, Tamm, Germany) amplifier. Patch electrodes had an open tip resistance of 3-5 M⍀ when filled with an intracellular solution containing (in mM) 125 K-gluconate, 10 KCl, 10 HEPES, 2 Mg-ATP, 0.2 Na-GTP, and 0.5 EGTA, which had an adjusted pH and osmolarity of 7.3 and 290 mosM, respectively. In most experiments, biocytin (0.5%; Sigma-Aldrich, St. Louis, MO) was added to the intracellular solution for post hoc morphological analysis. Tight seals of 1 G⍀ or greater were obtained under visual guidance before breaking into whole cell mode. Bicuculline methiodide (10 M; Sigma-Aldrich) was present in the saline for all experiments to block GABA A receptor-mediated inhibition. Synaptic responses were evoked with a bipolar electrode positioned in L2/3 or L5 using 20-to 250-A current pulses of 100-s duration.
Data collection and analysis. Signals were acquired with Clampex 8.2 software (Molecular Devices) and a Digidata 1322A interface (Molecular Devices). Evoked responses were filtered at 2-5 kHz, digitized at 10 kHz, and analyzed with Clampfit 8.2 software. The principal response measures used were 1) the area of evoked epileptiform responses before and after I h inhibition and 2) the number of APs superimposed on evoked depolarizations. To determine response areas, traces were first digitally filtered in Clampfit to remove any AP contribution. Cursors were then visually placed at response onset and at a point where response had declined to baseline. Response area was then determined by the area measurement function in Clampfit. Data are expressed as means Ϯ SE. Statistical analysis of responses before and during drug application was performed with a two-tailed Student's t-test, for which P Ͻ 0.05 was considered significant.
Drug application. ZD 7288 was purchased from Tocris Bioscience (Ellisville, MO). Drugs were prepared as stock solutions and frozen. Individual aliquots were added to the saline for each experiment. All drugs were bath applied, and each neuron served as its own control.
RESULTS

I h constraint of epileptiform events in pyramidal neurons.
We obtained whole cell patch-clamp recordings from visually identified pyramidal neurons in rat sensorimotor cortex. Pyramidal neurons were identified on the basis of distance below the pial surface, pyramid-like cell body, and presence of a prominent apical dendrite. Synaptic integration in L5 pyramidal cells is strongly influenced by I h , which attenuates EPSPs (Berger et al. 2001) . Despite an absence of HCN1 immunoreactivity in L2/3 pyramidal neurons (Lorincz et al. 2002) , these cells also exhibit I h (Sutor and Hablitz 1993) . The influence of I h on synaptic responses in L2/3 pyramidal neurons has not been extensively investigated. In the present study, we tested the hypothesis that I h inhibition would enhance bicucullineinduced epileptiform discharges in both L5 and L2/3 pyramidal neurons and that this effect would be independent of the site stimulated to evoke epileptiform discharges.
As reported previously (Gutnick et al. 1982) , in the presence of GABA A receptor antagonists suprathreshold extracellular stimulation, defined as the stimulus intensity that evoked an epileptiform response on 100% of the trials, produced a characteristic, long-lasting (200 -300 ms) membrane depolarization with superimposed APs, which is referred to here as an epileptiform discharge. Specimen records from a L5 pyramidal cell are shown in Fig. 1A . In response to L5 stimulation, evoked epileptiform discharges consisted of a large depolarization with superimposed APs. We have shown that the I h antagonist ZD 7288 reduces I h in L5 pyramidal cells (Albertson et al. 2011 ). In the preset study, we measured the effects of ZD 7288 on input resistance and "sag" responses induced by hyperpolarizing current pulses. ZD 7288 increased input resistance (control: 153.1 Ϯ 15 M⍀, ZD 7288: 224.2 Ϯ 17 M⍀; t-test P Ͻ 0.05, n ϭ 8) and reduced sag responses (control: 2.7 Ϯ 0.4 mV, ZD 7288: 0.3 Ϯ 0.09 mV; t-test P Ͻ 0.05, n ϭ 8), changes consistent with I h inhibition. An enhancement of epileptiform discharges was observed after bath application of the HCN channel antagonist ZD 7288 (20 M, 10 min). In response to L5 stimulation, epileptiform response areas were significantly increased in the presence of ZD 7288 in L5 pyramidal neurons (control: 10,561 Ϯ 2,452 mV·ms, ZD 7288: 25,896 Ϯ 4,663 mV·ms; t-test P Ͻ 0.05, n ϭ 9) (Fig. 1B) . When the number of superimposed APs was quantified, I h inhibition did not significantly increase the number of APs in response to L5 stimulation (control: 5.1 Ϯ 0.8 spikes, ZD 7288: 8.0 Ϯ 2.7 spikes; t-test P Ͼ 0.05, n ϭ 9) (Fig. 1B) .
Although deeper cortical layers have been implicated in the initiation of epileptiform discharges (Chagnac-Amitai and Connors 1989; Connors 1984; Pinto et al. 2005) , various cortical layers are effective in evoking paroxysmal activity (Gutnick et al. 1982; Lee and Hablitz 1991; Tsau et al. 1999 ). In the next series of experiments, L2/3 stimulation was used to determine whether epileptiform discharges evoked at sites remote from the neuron being recorded were altered by reductions in I h . We recorded from L5 pyramidal neurons as described above but positioned the stimulating electrode in L2/3. Epileptiform discharges were similar to those observed with L5 stimulation (Fig. 1C) . I h inhibition significantly increased the area of the epileptiform events (control: 11,126 Ϯ 4,067 mV·ms, ZD 7288: 31,011 Ϯ 7,938 mV·ms; t-test P Ͻ 0.05, n ϭ 7) (Fig. 1D) , similar to the effect of ZD 7288 on L5-evoked events. In contrast to L5-evoked events, after L2/3 stimulation, I h inhibition increased the number of superimposed APs (control: 5.7 Ϯ 0.6 spikes, ZD 7288: 10.6 Ϯ 2 spikes; t-test P Ͻ 0.05, n ϭ 7) in L5 pyramidal neurons (Fig.  1, C and D) . These additional APs could provide the excitatory drive underlying the increased area of the observed epileptiform discharges.
We also recorded from L2/3 pyramidal neurons. After bath application of ZD 7288, input resistance in these cells increased (control: 114.6 Ϯ 11 M⍀, ZD 7288: 169 Ϯ 16 M⍀; t-test P Ͻ 0.05, n ϭ 9) and sag responses were reduced (control: 1.3 Ϯ 0.2 mV, ZD 7288: 0.78 Ϯ 0.2 mV; t-test P Ͻ 0.05, n ϭ 7). As shown in the specimen records ( Fig. 2A) , bath application of ZD 7288 significantly increased the area of L5-evoked events in L2/3 pyramidal neurons (control: 6,536 Ϯ 1,748 mV·ms, ZD 7288: 10,967 Ϯ 2,296 mV·ms; t-test P Ͻ 0.05, n ϭ 8) (Fig. 2B ). The number of overlying spikes was not increased (control: 3.1 Ϯ 0.3 spikes, ZD 7288: 3.1 Ϯ 0.5 spikes; t-test P Ͼ 0.05, n ϭ 7) (Fig. 2B ). When L2/3 stimulation was used, ZD 7288 significantly increased response area (control: 61,859 Ϯ 21,731 mV·ms, ZD 7288: 106,818 Ϯ 26,473 mV·ms; t-test P Ͻ 0.05, n ϭ 10) but had no effect on the number of superimposed APs in L2/3 neurons (control: 3.3 Ϯ 0.5, ZD 7288: 3.6 Ϯ 1.0; t-test P Ͼ 0.05, n ϭ 10). These results suggest that inhibition of HCN channels has a significant excitatory effect on paroxysmal epileptiform discharges in L5 and L2/3 pyramidal neurons irrespective of stimulation site. I h and excitation of GABAergic interneurons. Interneurons have important roles in the regulation of network activity (Cobb et al. 1995; Gastrein et al. 2011; Manseau et al. 2010) . Interneuron staining with HCN antibodies is not typically observed in the neocortex but has been demonstrated in the hippocampus (Brewster et al. 2007; Lorincz et al. 2002) . Electrophysiological studies, however, have revealed functional I h channels in several types of interneurons (Aponte et al. 2006; Peng et al. 2010; Yan et al. 2009; Zemankovics et al. 2010 ). The excitatory input to GABAergic interneurons during epileptiform discharges is poorly understood, and the role of I h in governing this activity has not been extensively examined. We therefore studied the effect of I h inhibition on synaptic input to neocortical GABAergic interneurons in the presence of bicuculline.
Recordings were obtained from visually identified nonpyramidal neurons in L5. Neurons were included only if their physiological properties were consistent with those of basket cells, namely, input resistances below 200 M⍀, narrow spike width, and high-frequency, nonaccommodating spike firing in response to current injection (Kawaguchi and Kondo 2002; Kawaguchi and Kubota 1993) . Consistent with a basket cell phenotype, filled neurons were multipolar with short, spineless, laterally oriented dendritic projections (Kawaguchi 1995), as shown in Fig. 3A , left. Depolarizing current steps elicited a train of APs that did not show appreciable accommodation (Fig. 3A, right) . Specimen records from a L5 interneuron in Fig. 3B show that hyperpolarizing current pulses elicited only small "sag" responses, suggesting that L5 interneurons have small I h . Bath application of ZD 7288 increased input resistance (control: 157.6 Ϯ 10.1 M⍀, ZD 7288: 203.4 Ϯ 9.7 M⍀; t-test P Ͻ 0.05, n ϭ 7), whereas sag responses were decreased (control: 0.89 Ϯ 0.1 mV, ZD 7288: 0.19 Ϯ 0.15 mV; t-test P Ͻ 0.05, n ϭ 7). In GABAergic interneurons, L5 stimulation elicited large EPSP-like responses, ϳ100 ms in duration and 20 mV in amplitude, with few or no superimposed APs (Fig. 3C) . As shown in the Fig. 3C specimen records, bath application of ZD 7288 significantly increased response area (control: 8,278 Ϯ 932 mV·ms, ZD 7288: 31,085 Ϯ 9,563 mV·ms; t-test, P Ͻ 0.05, n ϭ 5) (Fig. 3D ). This increase in area was not associated with the appearance of APs. In another set of experiments, recordings were first obtained from a L5 pyramidal cell and the stimulation strength was adjusted to evoke responses like those shown in Fig. 1 . Without moving the stimulating electrode or changing the stimulation strength, a neighboring interneuron was recorded. Under these conditions, responses like those in Fig. 3E were observed. ZD 7288 significantly increased the area of evoked epileptiform events in response to suprathreshold stimulation (control: 11,226 Ϯ 1,766 mV·ms, ZD 7288 21,632 Ϯ 1,779 mV·ms; t-test P Ͻ 0.05, n ϭ 5) (Fig. 3F) . The number of superimposed APs was not significantly increased (control: 29.3 Ϯ 14.7 spikes, ZD 7288 27.8 Ϯ 14 spikes; t-test P Ͼ 0.05, n ϭ 4).
L1 also contains GABAergic interneurons (Gabbott and Somogy 1986; Winer and Larue 1989) . These cells are heterogeneous with respect to firing properties (Hestrin and Armstrong 1996; Zhou and Hablitz 1996). We examined the effect of I h inhibition on evoked synaptic responses in L1 interneurons. The visually identified L1 interneurons from which we recorded had high input resistances, narrow spike widths, and large spike afterhyperpolarizations as described previously (Hestrin and Armstrong 1996; Zhou and Hablitz 1996) (Fig. 4A) . Small voltage sags were seen following hyperpolarizing current pulses as described above for L5 interneurons (Fig. 4B) . Similarly, ZD 7288 increased input resistance (control: 253.1 Ϯ 12.4 M⍀, ZD 7288: 355.5 Ϯ 35.7 M⍀; t-test P Ͻ 0.05, n ϭ 12) and decreased sag responses (control: 1.03 Ϯ 0.2 mV, ZD 7288: 0.07 Ϯ 0.1 mV; t-test P Ͻ 0.05, n ϭ 9). After L5 stimulation, epileptiform events in L1 interneurons were characterized by 10-to 30-mV depolarizations lasting 100 -250 ms (Fig. 4C) . I h inhibition significantly increased the area of evoked epileptiform events (Fig. 4D) (control: 14,287 Ϯ 1,847 mV·ms, ZD 7288: 30,800 Ϯ 3,516 mV·ms; t-test P Ͻ 0.05, n ϭ 10). The number of overlying spikes was small and not significantly changed after ZD 7288 (control: 0.4 Ϯ 0.2 spikes, ZD 7288: 0.8 Ϯ 0.4 spikes; t-test P Ͼ 0.05, n ϭ 10).
I h inhibition enhances epileptiform discharges via increased network excitability. Synaptic activity onto neocortical pyramidal neurons is modulated by I h . Specifically, I h reduces the time course of EPSP decay from distal inputs and limits the ability of EPSPs to summate (Berger et al. 2001 ; Magee 1999). The increase in epileptiform discharges we observed following I h inhibition is likely due to en- (Fig. 5, A and  B) . We also recorded from L1 interneurons, which showed small I h currents under voltage-clamp conditions. These neurons also were held at Ϫ60 mV to further minimize potential postsynaptic contributions from I h . Under these conditions, stimulation evoked long-duration inward currents (Fig. 5C ), which were significantly increased in area after bath application of ZD 7288 (Fig. 5D ) (control: 9,183 Ϯ 6,661 pA·ms, ZD 7288: 17,224 Ϯ 7,644 pA·ms; t-test P Ͻ 0.05, n ϭ 7). Although the experiments above were recorded under conditions in which activation of I h was minimized, the extent of dendritic voltage control is unknown. We therefore recorded from neurons with pipettes containing ZD 7288. Intracellular ZD 7288 inhibits I h in the recorded cell (Harris and Constanti 1995; Ying et al. 2007) . In this situation, any effects of bath-applied ZD 7288 on epileptiform conditions can be attributed to altered network activity. In L5 pyramidal cells, epileptiform discharges evoked by L5 stimulation were significantly increased when ZD 7288 (20 M) was included in the pipette (control: 9,817 Ϯ 2,695 mV·ms, ZD 7288: 15,825 Ϯ 3,841 mV·ms; t-test P Ͻ 0.05, n ϭ 6). Taken together, these data suggest that the enhancing effect of I h inhibition on epileptiform events cannot be solely attributed to I h changes in the recorded cell. The effect of I h inhibition is more likely due to an increase in network activity rather than a cell-autonomous action.
DISCUSSION
In this study, we examined the effect of I h inhibition on bicuculline-induced epileptiform discharges in several classes of neocortical neurons. In the presence of ZD 7288 to inhibit I h , the area of epileptiform depolarizations was increased in both L2/3 and L5 pyramidal neurons. The number of overlying APs was selectively increased in L5 pyramidal neurons after L2/3 stimulation. Epileptiform discharges were also recorded from GABAergic interneurons in both L1 and L5. I h inhibition produced an increase in response area in both groups of interneurons. The observed increases in underlying depolarization area were shown in both pyramidal cells and interneurons to be due to increased network activation. These results indicate that I h modulates bicuculline-induced interictal discharges in local cortical networks and that acute inhibition of HCN channels can prolong epileptiform discharges.
The I h channel blocker ZD 7288 is widely used in functional studies of HCN channels. This drug is a well-established HCN channel antagonist (Harris and Constanti 1995). Unwanted side effects have been reported upon prolonged exposure at high did not see any effect of ZD 7288 in HCN-knockout mice. In the present study, we have employed low doses (10 -20 M) for relatively short periods (10 -15 min). Changes consistent with a block of I h were consistently observed (increase in input resistance and decrease in sag responses), supporting the conclusion that the observed changes in epileptiform discharges resulted principally from an action of ZD 7288 on HCN channels.
Epilepsy, patterned activity, and I h . A variety of epilepsy models, including kainic acid-and pilocarpine-induced seizures (Jung et al. 2007; Shin et al. 2008) , temporal lobe kindling (Powell et al. 2008) , perinatal seizure-inducing hypoxia (Zhang et al. 2006) , and absence seizures (Kole et al. 2007; Schridde et al. 2006; Strauss et al. 2004) , have been linked to reductions in I h and HCN expression. In some instances, increased hyperexcitability has also been seen with HCN channel upregulation (Chen et al. 2001; DyhrfjeldJohnsen et al. 2009 ). Seizure thresholds are reduced in HCN1-knockout mice (Huang et al. 2009 ), whereas HCN2-knockout mice exhibit an absence epilepsy phenotype (Ludwig et al. 2003) . Reductions in I h have also been observed in human epileptogenic neocortex (Wierschke et al. 2010 ). However, acute modulatory effects of I h on epileptiform discharges have not been extensively studied.
The in vitro bicuculline disinhibition model is a well-established model of network hyperexcitability (Gutnick et al. 1982) . This model allows examination of robust, reliable evoked epileptiform discharges that are mediated predominantly by excitatory glutamatergic transmission (Alefeld et al. 1998; Lee and Hablitz 1991) . In the present study, I h inhibition enhanced epileptiform discharges in several classes of neocortical neurons. This included FS GABAergic interneurons that, under control conditions, did not display robust I h currents. Our results indicate that inputs to these interneurons are increased because of amplified activity in local cortical networks.
HCN channel inhibition significantly increased the area of evoked epileptiform discharges in both pyramidal cells and GABAergic interneurons. Normally, I h significantly decreases the excitability of pyramidal neurons (Magee 1998; Poolos et al. 2002) . I h inhibition produces a depolarization that brings cells closer to threshold (Magee 1999), which, coupled with increased summation of excitatory inputs (Magee 1999), likely produces an increase in neuronal output and subsequent network activity. In the presence of bicuculline, epileptiform discharges result in part from enhancement of late polysynaptic EPSPs (Lee and Hablitz 1991). Further increases in such activity following I h inhibition would result in a prolongation of epileptiform discharges.
After I h inhibition, L5 neurons displayed an increase in the number of APs superimposed on epileptiform discharges evoked by L2/3 stimulation. This was not observed after L5 stimulation. This can be attributed to the dendritic expression pattern of HCN channels in L5 neurons and variation in synaptic input. HCN1 channels are highly expressed in the dendrites of neocortical L5 pyramidal neurons (Lorincz et al. 2002) , with channel density increasing with distance from the soma. The usual dampening effect of I h on L5 pyramidal cell excitability is attributable to the inhibitory action of HCN channels on input resistance and EPSP summation (Williams and Stuart 2000) . in I h . An increase in this synaptic input following I h inhibition could result in more effective somatic depolarization during an epileptiform discharge and subsequent enhanced AP output. In contrast, superficial layer pyramidal cells are not typically excited by L5 pyramidal cells (Reyes and Sakmann 1999; Thomson et al. 2002; Thomson and Bannister 1998) . This may partially explain why the number of APs associated with paroxysmal bursts was, on average, not increased after L5 stimulation. It should be pointed out that this response measure showed considerable variability. Part of this variability is attributable to changes in "depolarization block," which was often enhanced after I h inhibition.
In the present study, bath application of ZD 7288 still induced a significant enhancement of epileptiform discharges under voltage-clamp conditions and when ZD 7288 was present in the recording pipette, both conditions in which HCN channel activation is expected to be minimized. Similar prolongation of epileptiform discharges was observed in voltageclamped GABAergic interneurons. These data suggest that I h inhibition enhances network excitability by increasing polysynaptic activity. In unclamped neurons, the enhanced output of L5 neurons would increase excitability in local recurrent axon collaterals and contribute to the vertical and horizontal spread of epileptiform discharges.
Local networks of neocortical neurons generate rhythmic, synchronous activity in a variety of frequency ranges (Bartos et al. 2007; Compte et al. 2008; Roopun et al. 2006; Steriade et al. 1996; Traub et al. 2005 ). Sustaining such activity involves a complex interaction between intrinsic membrane properties and synaptic interactions (Maier et al. 2003; Ylinen et al. 1995) . I h currents are important for metabotropic glutamate receptor (mGluR)-and muscarinic acetylcholine receptor (mAChR)-induced patterned oscillatory activity in the hippocampus (Cobb et al. 2003) , subthreshold oscillations in entorhinal cortex (Dickson et al. 2000) , and thalamocortical rhythms (Kanyshkova et al. 2009 (Kanyshkova et al. , 2012 . I h inhibition suppressed oscillations in both hippocampus and entorhinal cortex. Circuits involved in normal rhythmic brain activity have been suggested to form a template used by epileptic circuits to generate seizures (Beenhakker and Huguenard 2009) . Our results suggest that alterations in I h and HCN channel function could contribute to this circuit transformation.
Epileptiform discharges and excitation of interneurons. GABAergic interneurons are hypothesized to play a crucial role in epileptogenesis (Cepeda et al. 2007; Cossart et al. 2005; Magloczky and Freund 2005) . In addition, interneurons are important for synchronizing populations of excitatory neurons (Cobb et al. 1995; Somogyi et al. 1998 ) and activation of inhibitory neurons can drive hippocampal seizurelike activity (Fujiwara-Tsukamoto et al. 2010) . Differential HCN channel modulation of inhibitory and excitatory network elements could strongly influence epileptiform discharges. I h inhibition greatly increased the excitatory inputs impacting both pyramidal cells and interneurons. In chronic epilepsy models, the relative change in excitation and inhibition caused by alterations in HCN channels may be important in determining whether seizures occur.
Studies characterizing the inhibitory role of I h in excitability of individual cells have mainly been conducted in pyramidal neurons (Berger et al. 2001; Magee 1999) . HCN channels have been reported to be present within several types of interneurons (Aponte et al. 2006; Kilb and Luhmann 2000; Lujan et al. 2005; Santoro et al. 2000; Wu and Hablitz 2005) , and enhancement of I h with the antiepileptic drug lamotrigine has been shown to increase spontaneous GABA release (Peng et al. 2010) . Despite this, a role for I h in regulating synaptic input to inhibitory neurons, similar to that reported in pyramidal cells, has not been described. Our results suggest that FS GABAergic interneurons in L1 and L5 have minimal somatic I h currents. Activity in these cells, however, was influenced by I h inhibition. Evoked synaptic activity in interneurons was increased in amplitude and prolonged in duration, whereas epileptiform discharges were associated with enhanced synaptic depolarizations and increased AP discharge. Propagation of electrically induced focal discharges has been shown to be controlled by FS interneurons (Cammarota et al. 2013) . In epilepsies where inhibition is not completely compromised, changes in excitatory input to FS interneurons associated with decreases in I h may produce sustained inhibitory barrages onto pyramidal cells. However, impairments in inhibition mediated by FS interneurons can occur over time (Cammarota et al. 2013) .
In the present study, high-frequency firing was observed in association with evoked epileptiform discharges in L5 FS interneurons. Similarly, inhibitory interneurons in the dentate hilus and granule cell layer discharge repetitively in association with bicuculline-induced epileptiform responses (Scharfman 1994a (Scharfman , 1994b . Moreover, GABAergic interneurons in the hippocampal CA1 region are strongly activated during high potassium/low magnesium-induced epileptiform bursts (Marchionni and Maccaferri 2009). Exposure to magnesium-free solutions produces large-amplitude spontaneous depolarizations followed by long bursts in rat frontal cortex (Kawaguchi 2001) . At the onset of depolarization shifts, spikes were fired by pyramidal and nonpyramidal neurons. This initial discharge produced large inhibitory responses associated with rhythmic depolarizations (Kawaguchi 2001). However, failure of feedforward inhibition also has been reported in the zero-magnesium (Trevelyan et al. 2007 ) and tetanic stimulation (Cammarota et al. 2013 ) models. Although activation of interneurons persisted for the duration of the present experiments, it needs to be determined whether GABA release and subsequent activation of postsynaptic receptors were also preserved. It remains to be determined whether similar changes are observed with L2/3 stimulation. It will also be important to examine excitatory inputs to interneurons in epilepsy models where inhibition is present but compromised.
In neocortex, pyramidal cell-interneuron connectivity is high (Fino and Yuste 2011; Gibson et al. 1999; Holmgren et al. 2003; Packer and Yuste 2011; Reyes et al. 1998; Thomson et al. 2002; Wang et al. 2002) However, pyramidal cell-interneuron interactions show considerable variability (Markram et al. 1998; Reyes et al. 1998) . EPSPs in somatostatin-positive bitufted (putative Martinotti cells) interneurons in L2/3 show frequency facilitation, and trains of APs from a single presynaptic pyramidal cell can result in interneuron spiking (Silberberg and Markram 2007) . In contrast, sustained activation of FS basket cells produces EPSP depression (Galarreta and Hestrin 1998; Kozloski et al. 2001) , although excitatory connections between pyramidal cells and FS cells are stronger than between pyramidal cells (Holmgren et al. 2003) . Paired-recording experiments indicate that a single pyramidal cell axon can evoke 1-to 5-mV EPSPs in FS interneurons (Ali et al. 1998; Berger et al. 2010; Galarreta and Hestrin 2001; Povysheva et al. 2006; Wozny and Williams 2011) . In the presence of bicuculline, evoked responses in FS cells were on the order of 10 -20 mV in amplitude, suggesting input from 2-20 pyramidal cells.
In summary, the data presented here show that, in addition to its role in the reduction of normal neuronal network excitability, I h may restrict the duration of epileptiform discharges. Loss of HCN channels, as occurs in a variety of epilepsy models, may therefore contribute to increased seizure severity. Specifically, our data show that I h inhibition increases the area of evoked epileptiform events in both pyramidal cells and GABAergic interneurons. HCN channel inhibition, in addition to decreasing I h in individual cells, produces an increase in network activity that subsequently results in an increase in duration of paroxysmal discharges.
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